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Abstract
An increase in carbon dioxide (CO2) and protons (H+) are the primary signals for breathing.
Cells that sense changes in CO2/H+ levels and increase breathing accordingly are located in a region of
the caudal medulla oblongata called the retrotrapezoid nucleus (RTN). Specifically, select RTN neurons
are intrinsically pH sensitive and send excitatory projections to the respiratory rhythm generator to
drive breathing. Glial cells in the RTN are thought to contribute to this respiratory drive, possibly by
releasing ATP in response to increases in CO2/H+ levels. However, pH sensitivity of RTN glial cells
has yet to be determined. Therefore, the goal of my thesis is to determine if acutely dissociated RTN
cells can respond to changes in pH in isolation. To make this determination I used ratiometric
fluorescent microscopy to measure intracellular calcium in dissociated RTN cells during changes in
bath pH. I found that a small percentage of RTN cells (16%) respond to bath acidification from pH 7.3
to pH 6.9 with an increase in fluorescence indicating an increase in intracellular calcium. Preliminary
electrophysiological findings suggest that responsive cells are unable to make action potentials, thus
suggesting their identity to be glia. These results indicate that a subset of pH sensitive cells in the RTN
are intrinsically pH sensitive and that glia cells may possibly play a role in central chemoreception.
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I. Introduction
Central chemoreception is the life sustaining process by which neurons sense changes in arterial
CO2/H+ to regulate ventilation. Blood CO2 concentrations are sensed within the lower brainstem via
attending changes in brain pH and this system can produce large ventilatory changes in response to
very small pH fluctuations. The region that possess the neurons that fit this description is the
retrotrapezoid nucleus (RTN). The RTN is located on the rostrolateral surface of the medulla and has
projections that extend to the ventral respiratory group (VRG) and central rhythm and pattern generator
(CRG). The RTN contains highly pH sensitive neurons that have certain properties that aid in the
mechanism of pH regulated respiration. For example, in vivo these RTN chemosensitive neurons are
highly sensitive to changes in CO2/H+ and send excitatory (i.e., gluatmatergic) projections to the
respiratory central pattern generator where they exert direct control over respiratory rhythm (30). In
addition in the in vitro brain slice preparation RTN neurons with a similar morphology and
neurochemical phenotype as compared to CO2/H+ sensitive neurons characterized in vivo are also
intrinsically pH sensitive (30). Together these results strongly suggest that pH sensitive RTN neurons
are important central chemoreceptors.

With this known data about the function of RTN neurons within central chemoreception and
ventilatory control questions still remain as to the function of glia cells in this mechanism. Traditionally
glia cells were known as supporting cells that provide physical support to CNS neurons also helps to
maintain the homeostatic environment of neurons. In recent years research has provided more
information about the complex functions glia in the brain. It has been reported upon application of glia
cell toxin (fluorocitrate) to the RTN that extracellular pH regulation was disrupted thereby causing
acidification evoked hyperventilation (12). It has been demonstrated that astrocytes exhibit Ca2+
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excitability in brain slices in vivo by using laser-scanning confocal and two-photon microscopy. Recent
data has also shown that Ca dependent glutamate release from astrocytes was possible and ATP is
released from astrocytes during calcium wave propagation, the propagation can be reduced or abolished
by purinergic antagonists or ATP-degrading enzymes (8,10,20, 39).

Based on these findings I hypothesize that glial cells within the RTN contribute to the
mechanism of central chemoreception by a paracrine-like signaling mechanism that involves pHinduced ATP release from glial cells and subsequent purinergic modulation of near by RTN
chemoreceptors. To test this hypothesis I will use ratiometric fluorescent microscopy to determine if
acutely dissociated glia cells/ or neurons can respond to changes in bath pH. This data will contribute to
the hypothesized mechanism of chemoreception with the RTN. This model suggests that RTN glia cells
as well as neurons are intrinsically pH sensitive and through purine signaling to interneurons and
neurons exert excitatory and inhibitory gliotransmitters that thereby cause changes in ventilation rates
(Fig. 9).
II. Background
Control of Breathing by the RTN
The discovery of Phox2b gene in the RTN within the respiratory peripheral circuit and other
associated areas has led to the conclusion that the RTN, although it may not be the only central
chemoreceptive area which helps to regulate breathing, it may be the most dominate regulator of this
system. These neurons were functionally identified as respiratory chemoreceptors of the RTN and
Phox2b was detected in many neurons in the solitary tract nucleus (NTS) as well as neurons
responsible for communication between the RTN and peripheral chemoreceptors Fig. 1). This data
suggests the RTN may have the most influence in the chemoreceptive mechanism and it communicates
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to all neurons involved in peripheral and central chemoreception (carotid bodies, chemoreceptor
afferents, chemoresponsive NTS neurons projecting to VRC, RTN chemoreceptors) (44).
The discovery of the Phox2b gene has propelled research in the RTN in the last few years and
and has led to further insight into the characterization of this nucleus. There is wealth of evidence that
suggests that the RTN contains intrinsically chemosensitive neurons. In 1997 Li reported that
acidification of the RTN stimulated breathing in vivo and upon injection of a GABA mimetic there was
decrease in breathing (27, 31). It was later reported that at room temperature or upon cooling of the
ventral surface of the medulla there was a decrease in respiratory rate and pH sensitivity of RTN
neurons which increased upon raising the temperature to 35C (closer to normal physiological levels)
(16, 29).
Neurons within the RTN were found to be extremely sensitive to hypercapnia while the animal
was under anaesthesia and that (i) the neurons were very weakly modulated by respiration, because
unlike CPG neurons their discharge was throughout the entire central respiratory cycle ; (ii) the
neuronal response to hypercapnia was unchanged by drugs that block the CPG; (iii) the neuronal
response to hypercapnia was very selective in vivo as there were nearby presympathetic and
serotonergic that neurons were unaffected. This data suggests that RTN neurons are not responsive to
respiration, but rather pH changes and that the previous thoughts about the CPG being the dominate
chemoresponsive region is longer valid. The CPG is not intrinsically pH sensitive as previously thought
and the RTN may play a larger role in central chemoreception (29). Although this data pinpoints the
RTN as a major source of chemosensitivity it does leave many questions unanswered as to the
molecular mechanism and the glia cells role in central chemoreception.
The chemosensitivity of RTN neurons has been attributed to modulation of a background (leak)
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potassium current. It was first thought to be TASK (TWIK-related acid-sensitive channels) but because
this channel is distributed throughout the brainstem in pH-insensitive cells in very unlikely that it is the
source of pH-sensitivity in RTN neurons (4, 29). This pH sensitivity may possibly be explained by the
glial cell or vascular hypothesis which states that glial cells and vascular cells are the what are truly pH
sensitive and communicates these pH changes to RTN neurons. This hypothesis can also explain why
neurons have such extensive dendrites within the marginal layer of the ventral surface which is highly
vascularized and associated with glial cells that have been shown release ATP and/or glutamate (20, 28,
43).
Glial cells are thought to contribute to the mechanism of central chemoreception and respiratory
drive by regulating extracellular pH as well as releasing neuromodulators like ATP (11,12). However,
the role of glial cells in respiratory drive remains unknown. It has been shown that inhibition of glial
cells within the RTN by injection of the glia cell toxin, fluorocitrate, disrupted extracellular pH
regulation by causing an acidification that subsequently evoked hyperventilation (12). In addition, it
was recently demonstrated that hypercapnia evoked the release of ATP within the RTN and that
application of nonhydrolysable analogs of ATP to the RTN stimulated breathing (18). Likewise, ATP
mediated purinergic signaling has been shown to modulate the output of RTN chemoreceptors (30).

Glia and Control of Breathing
The term glia was coined in 1846 by Rudolph Virchow and is derived from the Greek word for
“glue” and the is a general term that describes non-neuronal cells that provide support and nutrition,
maintain homeostasis, form myelin, and participate in signal transmission in the central nervous
system. There are several types of cells that are included in this category: oligodendrocytes, NG2,
microglia, and astrocytes. Typically all of these cells were known as supporting cells that merely
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served the function of providing physical support and helping to maintain the homeostatic environment
of neurons. In recent years research has provided more information about the complex functions glia in
the brain like their role in cerebrovasular tone, synapse formation, and function, immune regulation,
neurogenesis, and neuro-glia interaction and communication (41).
Oligodendrocytes, on the otherhand, are myelin producing cells that ensheath CNS axons. In
recent studies it has been found the oligodendrocyte precursor cells (OPCs), which express
proteoglycan, NG2, at an immature stage in development are able to produce action potentials (25, 34).
Like typical action potentials they involve the influx of sodium and an outward current of potassium.
This new finding leads to the formation of two classes of oligodendrocytes: spiking and non-spiking,
although these two class show no morphological differences. This research has now shown that
oligodendrocytes not only sense neurotransmitter, but can also respond by firing electrical pulses. New
data also has found that oligodendrocytes have the ability to control conduction velocity. In 2007
Yamazaki and others simultaneously recorded from an oligodendrocyte and pyramidal neurons within
the myelinated region of the hippocampus. This experiment revealed that when an oligodendrocyte was
depolarized, axons that passed through the myelinated region corresponding to that particular
oligodendrocyte, exhibited a decrease in action potential latency. Those axons that did not show a
decrease in action potential latency were found histologically to not have been myelinated by the
depolarized oligodendrocyte. Since a single oligodendrocyte can myelinate several axons this new data
suggests that oligondendrocytes may act as a way to coordinate and regulate neuronal signaling (13).
Polydendrocytes (NG2 cells) are identified as expressing proteoglycan NG2 and because of this
are distinct from all other glial cells. NG2 is a integral membrane chondroitin sulphate proteoglycan
expressed in non-neuronal cells. NG2 cells were first thought of as OPC (oligodendrocyte precursor
cells) because the OPC tested positive for NG2 in culture and speculated that upon maturation into an
oligodendrocyte, NG2 was down regulated while oligodendrocyte markers were upregulated. NG2
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cells have been found to receive synaptic input from neurons, and long term potentiation (LTP) occurs
in the absence of NMDA receptors unlike neurons from the hippocampal CA1 region. The purpose of
LTP in NG2 cells remains elusive, but the increase in interacellular Ca might regulate signalling
pathways that regulate the survival, proliferation or differentiation of NG2 cells. Although there is
evidence to support the presence of a glutamatergic neuron-NG2 synapse, the functional significance
of such a coordinated response remains unclear (36).
Microglia are a type of glial cell that are the local macrophages of the brain, and thus acts as the
first and main form of active immune defense in the CNS. There of several types of microglia that can
be found in the CNS and they all aid in the immunological protection of neurons and other glia. There
is the the ameboid microglia which is found in areas like the corpus callosum and other white matter
areas (18). These microglia engulf or phagocytize debris and other pathogens within the CNS making
them especially important during brain development and re-circuitry (7, 15). Unlike the ameboid forms
of microglia, the ramified microglia remains fairly motionless, while its branches are constantly
moving and are very sensitive to small changes in physiological condition. Ramified microglia are
unable to phagocytize cells and display little or no immunomolecules. Most recent data identifies its
function as a means to maintain a constant level of available microglia to detect and fight infection (1,
7). Activated non-phagocytic microglia are part of a systematic response to glutamate receptor agonists,
pro-inflammatory cytokines, cell necrosis factors, lipopolysaccharides (found within the outer
membrane of gram-negative bacteria), and changes in extracellular potassium, all of which are
indicative of neuronal damage. The activated non- microglia are a transition state between the ramified
form and the active phagocytic form (25). The active phagocytic microglia is regarded as another class
of microglia that have cytotoxic and inflammatory signaling like that of activated non-phaocytic
microglia and serve as antigen presenting cells for that stimulate T-cell activation. These cells also
interact with astrocytes and neural cells as part of their immunological response without causing severe
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damage to surrounding brain cells ( 1, 18). Once a microglial cell as engulfed a certain amount of
debris the it cannot engulf anymore thereby creating what is called a “glitter cell”. Glitter microglia are
characterized by is ‘grainy appearance’ and contained a granular corpuscle. This corpuscle is the newly
engulfed debris. These cells are used clinically as indicators of wound and infection healing in the CNS
(1, 40).
Other types of microglia are classified by their location rather than their function like perivascular
and juxtavascular micorglia. Perivascular microglia are found in the walls of the basal lamina of blood
vessels and have the same functions of normal microglia, but are different from normal microglia
because they are replaced by bone marrow dervived precursor cells. Perivasular microglia also allow
new vessels to be formed and damaged vessels to be repaired by promoting endothelial cell
proliferation. (41). Juxtavascular microglia are found next to or making contact with the basal lamina
of blood vessel walls, but not within the wall like perivascular microglia. Whereas both perivascular
and juxtavascular microglia express MHC class II proteins, juxtavascular microglia do not exhibit rapid
replacement like that of perivascular microglia with myeloid precursor cells (18). Perivascular and
juxtavascular microglia are located close to the blood brain barrier, have the ability to present MHC
class II antigens and act as phagocytic cells thereby playing an important role in initiating and
maintaining a CNS autoimmune response.
The last known type of glia cell in the CNS is known as the astrocyte. This cells are morphologically
characterized by their star shape and are connected to each other through gap junctions (22). They are
characterized also by their expression of glial fibrillary acidic protein (GFAP) and also a lesser known
cell-specific marker , S-100 beta (42). Traditionally there are three types of astrocytes: fibrous,
protoplasmic, and radial. Fibrous astrocytes are located in the white matter of the CNS and their long
unbranched processes are often called “vascular feet” as they typically make physical contact the
capillary walls. The protoplasmic astrocytes are found within the grey matter of the CNS, while radial
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astrocytes are located perpendicular to the axis of ventricles (42).
Astrocytes are regarded as efficient caretakers within the CNS because of their ability to scavenge
the interneural space for neuronal and metabolic waste including transmitters like glutamate, and ions
like potassium, hydrogen, and Calcium. Astrocytes surround neural synapses in what is called a tripartite synapses (Fig. 2). This is positioning is ideal for the clearance or buffering of neurotransmitters
and ions within the synaptic cleft. Astrocytes have a high density of plasma membrane transporters for
glutamate which uses sodium and potassium gradients to drive the glutamate uptake. After the
glutamate is taken up by the astrocyte it is shuttled back to the neuron and converted into glutamine
where it can them be remade into glutamate (22). In 1966 astrocytes were found to have a negative
resting potential and upon changing their intracellular K concentrations they are selectively permeable
to K. Astrocytes also have a high density of plasma membrane potassium channels which indicates that
they also function as synaptic cleft potassium buffer (22, 37).
Astrocytes like most other glia types do not have an electrical excitatory response and therefore do
not exhibit action potentials. The use of fluorescent dyes in the 1990s to observe intercellular ion levels
in cells, gave evidence to the fact that astrocytes display a form of excitability that is based on
variations of the Ca2+ concentration in the cytosol rather than electrical changes in the membrane like
neurons (1). This calcium modulated excitation can occur spontaneously or be triggered by different
stimuli including neurotransmitters released by neurons. Different stimuli can excite astrocytes because
they express a large variety of neurotransmitter receptors. Many of them are G protein coupled
receptors (metabotropic) and upon binding with these various receptors a cascade is initiated. Once the
G protein is activated it stimulates phospholipase C and the formation of insositol-1,4,5-trisphosphate.
Insositol-1,4,5-trisphosphate increases intracellular Ca2+ concentration through Ca2+ release from the
IP3-sensitive Ca2+ stores (Fig. 2). Thus it is this Ca that is able to be detected by various fluorescent
dyes and is indicates astrocyte excitation. (3) . Ca2+ may serve as an intracellular signal that can
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propagate within and between astrocytes and neurons. Glutamate generated Ca waves have been
observed and since then Ca waves have been known as a function of communication between
astrocytes by gap junctions and surrounding neurons (9). So calcium not only serves as the mode of
excitation for astrocytes, but also as a means of intercellular communication and synchronization.
Calcium mediated exocytosis of neurotransmitter within neurons is a basic principle in
neurobiology and once it was discovered that astrocytes manifest excitation by increased cystolic
calcium concentrations the same thought was applied to astrocytes. In a study done in 2006 by Xiaohai
Wang imaging studies of astrocytes demonstrated Ca2+ excitability in brain slices in vivo by using
laser-scanning confocal and two-photon microscopy . This study found that (i) the stimulation of
presynaptic terminals can activate Ca2+ signaling in the astrocyte; (ii) the astrocyte can detect neuronal
activity; and (iii) stimulation of vibrissae induces astrocytic Ca2+ signals in vivo (22, 46). It was
proposed that Ca served the same function in glia as it did in neurons which was to initiate exocytosis
of neurotransmitter. In 1994 experiments in the hippocampus showed that Ca dependent glutamate
release from astrocytes was possible (38). More importantly it was found that this release of glutamate
by astrocytes had a profound effect on the surrounding hippocampal CA1 pyramidal neurons.
Astrocytic glutamate actually targeted neuronal NMDA receptors (N-methyl D-aspartate), or ionotropic
gluatmate receptors and group 1 mGluRs on the astrocyte plasma membrane and caused a significant
increase in the intracellular Ca levels which had effects on pre and postsynaptic activities (38, 47).
With the new discovery of glutamate as a gliotransmitter it inspired new studies that investigated the
astrocyte-neuron glutamate mediated interactions which goes against the traditional view of astrocytes
as a passive resident of the CNS. This data implies that not only does gliotransmission of glutamate
affects neurons, but also stimulates release of gliotransmitter paracrinically and autocrinically (47).
Glutamate has been found to aid in synaptic plasticity by exciting post synaptic NMDA receptors to
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alter synaptic memory. Astrocytic glutamate triggers NMDA-slow mediated instrinic current (Fig. 2).
Fiacco and McCarthy observed in CA1 pyramidal cells that astrocytes released glutamate could
increase the frequency of AMPA spontaneous EPSCs to modulate synaptic plasticity. Later studies
confirmed that astrocytes were needed for the LTP (long term potentiation) formation in post-synaptic
neurons (3, 6, 16, 47).
There is also new evidence that ATP is a gliotransmitter. ATP is released from astrocytes during
calcium wave propagation, the propagation can be reduced or abolished by purinergic antagonists or
ATP-degrading enzymes. ATP mediates calcium-based intercellular communications between
astrocytes and other cell like microglia, Muller cells, and meningeal cells (Fig. 2). This serves as
evidence of the fact that ATP is the major extracellular messenger for inter-astrocyte calcium-mediated
communication and other cell types in the central nervous system (8, 10, 20). ATP has also been
determined to be stored in secretory granules and therefore undergoes Ca mediated vesicular release
and not via gap junctions. Hippocampal astrocytes were labeled with a fluorescent dye known to stain
high levels of a ATP bound to peptides in large granular vesicles, quinacrine fluorescence dye, there
was ATP containing vesicular organelle located in the perinuclear region of the cells. Subcellular
fractionation and ATP probing on the luciferin-luciferase bioluminescence assay revealed the presence
of purine peak. In the presence of gap junction blocker anandamide, which effectively uncouples
astrocytes and flufenamic acid, which can be used as a connexin hemichannel blocker there was no
change in the amount of ATP released upon stimulation of the hippocampal astrocytes. This data
indicates that ATP is packaged in the secretory granules of hippocampal astrocytes and is not released
via gap junctions (10). In the same paper it was also suggested that ATP storing vesicles may possibly
be different from those containing glutamate which would lead to the conclusion that their
gliotransmission is regulated differently.
Data suggests not only is glutamate and ATP storage and release regulated differently, but that
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these two gliotransmitters may also have opposing effects on Ca oscillation. It has already been
mentioned that glutamate excites post synaptic NMDA receptors and recent reports suggest that the
application of exogenous ATP did not affect the postsynaptic gluatmatergic response of neurons but
did decrease presynaptic exocytosis (2). This suggests that the opposing effects of gliotransmitted ATP
and glutamate can modulate neuronal activity by selectively releasing either one to either excite or
inhibit synaptic transmission. The same report also mentioned that astrocytes displayed ATP mediated
spontaneous Ca waves and that inhibition of these waves and astrocytic ATP release increased
excitatory glutamatergic transmission suggesting that ATP may be a mediator of communication
between astrocytes and neurons (27).
Purinergic transmission is abundant in the nervous system where ATP in particular acts as an
excitatory neurotransmitter in many synapses in the CNS and PNS. This is mediated through purine
receptors or P2 receptors. There are two broad classes of P2 receptors: P2Y and P2X. P2Y which are
metabotropic G protein coupled, has seven transmembrane domains and has eight known subunits
(P2Y1-P2Y8). P2Y acts to increase intracellular inositol trisphosphate (IP3), triggering the release of
Ca ions cytosolic stores. P2Y are present on postsynaptic neurons and glia and when stimulated
activate signaling cascades and plasmalemmal ion channels. The second class of P2 receptors is the
P2X receptor which is ionotropic and increases intracellular Ca both by allowing direct Ca ion influx,
and by an inward Na current, which depolarizes the cell and opens voltaged-gated Ca channel. The
P2X receptor is present on postsynaptic neurons and glia and has 7 known subunits (P2X1-P2X7)
which can be composed as a homo or heterogenically. These receptors have been shown to have a high
Ca permeability and can modulate Ca entry at resting membrane potentials (24).
ATP which is known to modulate neuronal activity by activating purinergic receptors when
released from neurons was also found to be released from glia cells (10, 19, 33, 34, 46) . ATP has been
found to activate P2X receptors in ventrolateral medulla which caused excitation of both
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sympathoexitatory and sympathoinhibitory neurons (23). With this said it has been proven that P2
receptors are not responsible for RTN pH sensitivity in neurons. In 2006 it was reported that upon
activation of P2X receptors RTN firing was inhibited by increasing inhibitory input and P2Y receptor
stimulation caused excitation of RTN chemoreceptors. Although blocking of these P2 receptors with
several antagonists did not effect RTN H sensitivity of chemoreceptors (31). Evidence was presented to
suggest that CO2-evoked changes in respiration are mediated, at least in part, by P2X receptors in the
retrofacial area of the VLM and could account for the actions of CO2 in modifying ventilator activity
(5, 44).It was further demonstrated that inhibition of ATP receptors by suramin decreased resting
respiratory activity and diminished the respiratory response elicited by increased CO2 levels (19, 39).
Goal of Project
I will use ratiometric fluorescent microscopy to determine if neurons and/or glial cells in the
RTN are intrinsically pH sensitive. In this study I will investigate if acute dissociated neurons and/or
glial cells from the RTN respond to changes in bath pH through the Calcium imaging of cells from the
RTN. I hope to shed light on the neuron-glial interaction pertaining to chemosensitivity and respiratory
drive and provide further evidence for the working model of the RTN’s role in the central respiratory
control. We propose that there is a pH-mediated inhibition of K+ channels on both glial and neuronal
cells which subsequently leads to the depolarization and activation of voltage gated Ca channels of the
both the pH sensitive cells. This increase in intracellular Ca thereby aids in the exocytosis of ATP
release by glial cells on both chemosensitive RTN neurons and interneurons. This release of ATP
thereby modulates the activities of the chemosensitive RTN neuron and interneuron through purinergic
receptors which causes a feedback response within the peripheral respiratory circuit to an increase
respiratory activity (Fig. 9).
III. Materials and Methods
Dissociation of RTN Cells
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The brain slices (300µm) were isolated from 7-12 day old rat pups to decrease the amount the of
myelination. The cerebellum was then dissected off and glued to micro-slicer where is sliced into
300um thick slices while being bubbled in bubbled in cold NBJ, kyurinic acid, CaCl2 and MgCl2.
Once sliced the RTN as micro-dissected with a scalpel by putting once slice at at time in a glass petry
dish and gently sucking off as much solution as possible without damaging the the slice. Slices
remained incubated in a bubbling solution of cold NBJ, kyurinic acid, CaCl2 and MgCl2. The RTN
pellets were then digested in 0.5% trypsin for 30 minutes at 37°C while gently shaking. The same
volume of warm cell culture media with 10% FBS was added to the Trypsin and RTN fragments and
inverted several times to inactivate the Trypsin. The RTN fragments were then spun gently ( 500g for 2
min) to pellet the cells. The media was carefully removed and titurated with 300uL of fresh warm
media with 1% FBS and plated on poly-L-lysine coated cover slips in HBSS, supplemented with 1%
and 5% FBS respectively (cells need FBS to attach and it also favors glial cells over neurons). Cells
were allowed to settle in for 2 hours in an incubator at 5% CO2 at 37°C before imaging (Fig 3).
Calcium Imaging
Cells were incubated and loaded with the membrane permeable dye Fura-2AM (10µM) for 30
minutes at room temperature in the dark. Cover slips are then transferred to the NIKON TE200
inverted microscope and immediately immersed in 10% HEPES solution. Cells were imaged with a
40X oil immersion objective while bathing them in pH solutions (7.3, 6.9, 7.5 respectively). NIS
Elements software was used to obtain fluorescence emission every 5 seconds at 540nm with alternating
excitation filters at 340nm (Ca2+ free) and 380 nm (Ca2+ bound). Intracellular Ca2+ was measured as a
fluorescence ratio (R, 340nm/380nm) and converted to concentration by R at different [Ca2+] in the
presence of ionomyocin (10mM).
Baseline intracellular [Ca2+] is calculated using the formula:
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[Ca2+]i
R, is the fluorescence ratio at pH 6.9, 7.3, 7.5; Rmin is the fluorescence ratio in 0 nM of Ca2+; Rmax is
the fluorescence ratio in 10nM of Ca2+; Sf and Sb are the florescence at 380nm in 0nM Ca2+ and 10
nM Ca2+; Kd, FURA dissociation constant of 250nM (Fig. 4).
Staining
Plated cells are fixed with formaldehyde and incubated with primary antibodies, α-GFAP from
mouse (1:1000) and α-β3-tubulin from rabbit (1:300) and then the secondary antibodies of α-mouse FcCY3 and α-rabbitFc-488 (1:200). Fluorescence images were taken on a Leica microscope. (I didnt do
this and now upon adding it dont really know the procedure, I think its in the note books but i didnt
think to write it down. (Fig. 5).
IV. Results
pH sensitive cells were identified by changes in fluorescence ratio in to changes in bath pH . As
the pH changed between 6.9, 7.3, and 7.5 the fluorescence ratio also increased or decreased according
to which pH the cells were bathed in. The cells were initially bathed in a HEPES pH solution of 7.3
which is comparable to normal physiological pH. This florescence ratio, 1.5, was therefore considered
the baseline value and as the pH dropped to 6.9 the fluorescence ratio increased to 1.6. The subsequent
attempts to reproduce the responses to pH also resulted in a smaller response than that of the first
because over the course of the experiment the cells would begin to bleach because of the imaging
technique used. When the pH of the bath solution was increased to 7.5 the ration decreased to 1.4. An
increase in the fluorescence ratio is indicative of an increase in free intracellular Ca while a decrease in
the fluorescence ratio signifies a decrease in the free intracellular Ca concentration. pH insensitive cells
did not show this same type of response to changes in pH. An increase or decrease in the pH from 7.3
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to 6.9 or 7.5 did not produce a significant response in non-responders( Fig. 6). As time passed during
the experiment while changing the pH the cells began to bleach out from the imaging techniques. Using
the equation aforementioned the calcium concentrations for both a pH-insensitive and a pH-sensitive
cell were calculated. The pH-sensitive cell when bathed in pH 6.9 was calculated to have an
approximate [Ca2+] of 600nM and a [Ca2+] of 175nM when bathed in a pH 7.5 solution. The pHinsensitive cell did not show a significant change in [Ca2+] when bathed in either pH 6.9 or 7.5 (Fig 7).
It was found that approximately 16% of all cells within the RTN are actually pH sensitive which means
that a large portion of cells within the RTN are not pH sensitive.
V. Discussion
My investigation into the question of whether or not acutely dissociated cells from the RTN can
respond to changes in pH resulted in data that suggests that cells in this area are intrinsically pH
sensitive. It is not the neural input to the cells within the RTN that dictates whether or not they will
respond to changes in pH (Fig. 6 and 7). Once acutely dissociated the cells retained their pH sensitivity
thereby suggesting that it is inherit to these cells to respond to pH changes in the cerebrospinal fluid.
Only 16% of the cells within this project were found to be pH sensitive which implies that the entire
RTN is not responsible for sensing changes in pH. These results may suggest that there are only some
cells that sense the changes in pH while other cells have unknown functions in chemoreception. It is
possible that there are pH sensitive cells that relay this information to surrounding RTN insensitive
cells which carry out the necessary response (increase or decrease ventilation).

We propose that there are pH sensitive glia as well as chemoreceptors within the RTN. These
cells sense pH through currently unknown K+ channels that lead to their depolarization and activation
of voltage gated Ca channels of the both the pH sensitive glia and neurons . This increase in
intracellular Ca is necessary for the gliotransmission ATP that acts to excite neurons via P2Y and via
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P2X receptors on interneurons to cause inhibition of the chemosensitive neuron to thereby inhibit or
decrease the action of the CRG (Fig 9). Preliminary unpublished electrophysiological data has shown
that the some of the cells that were found to be pH sensitive did not elicit action potentials which is a
characteristic of glial cells. This data has also shown that glial cells do exhibit activation of a voltage
independent outward K+ current similar to those identified in neurons during previous research
(Mulkey 2004) when the pH is increased from 6.9 to 7.5 (Fig 8).

My observations of increases in intracellular Ca in response to pH 6.9 coincides with the
proposed mechanism that glia cells respond to acidification by blockage of outward K+ channels and
opening of voltage gated Ca channels (Fig 6 and 7). The data also supports previous data that has also
measured the intracellular Ca levels in astrocytes to stimulation (22, 46). The increase in Ca is
indicative of a cells ability to release a neurotransmitter or in this case a gliotransmitter by vesicular
action (8). ATP has been identified as a gliotransmitter and has been found to be present within the
RTN and crucial to resting respiratory action (10, 19). Although purinergic receptors when blocked to
not diminish chemosensitivity it has been found that upon blocking them respiratory rates decreased
(19, 30). This data suggests that as our model and data show chemosensitivity is intrinsic to
chemosensitive cells, and is not dependent on purinergic receptors but rather is mediated by currently
unidentified K channels.

In the past glia cells haven considered passive residents of the CNS, but as recent reports show
glia cells are important in the regulation of cererovascular tone, formation and function of synapses,
immune regulation, neurogensis, and neuro-glia interaction (42). The model shows that glia cells are
responsible for communicating pH changes to chemoreceptors and interneurons as a way of regulating
breathing patterns which coincides with the new emerging functions of glial cells. Glial cells and
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astrocytes in particular astrocytes as our and previous data suggests may be a mediator of
communication of the extracellular environment and neurons via gliotransmitted ATP release and plays
a another piece of the ATP mediated neuro-astrocyte communication puzzle. The interneurons in the
model act as a communicator of the indirect inhibitory action astrocytes have on the CRG and a way to
contribute to the bidirectional control of breathing in response to acidification or alkalization of the
blood and cerebral spinal fluid. The model shows that only some of the cells within the RTN are
chemosensitive and this may be why it was found that only 16% of cells within the RTN were found to
respond to changes in bath pH.
Upon measuring the Ca concentration of a particular slide of cells they were fixed and stained
to see if neurons and/ or astrocytes were present. There was a disproportionally large amount of
neurons found although GFAP glia were identified. Although many of the cells were neuronal glia may
still contribute to central chemoreception. As of now it unsure as to what cells in particular (glia or
neurons) responded and elicited changes in intracellular Ca. The next step are to use known properties
of RTN chemoreceptors, standard glial markers and single cell reverse transcriptase PCR to identify pH
sensitive cell as neurons and/or glia. Once the cells are identified in this way, it will be then determine
whether or not pH sensitive glial cells in the RTN actually release ATP in response to pH changes. As
previously discussed glia cells have been found to release ATP in response to stimulation in other parts
of the CNS therefore raising the possibility that glial cells might modulate neuronal activity by
activating purinergic receptors within the RTN also (P2X and P2Y).
VI. Conclusion
In conclusion my research has shown that cells within the retrotrapezoid nucleus are
intrinsically pH- sensitive and therefore do not require any neuronal input to detect changes in
extracellular pH. The cells within the RTN do exhibit the traditional Ca influx as expected with
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stimulation and this Ca influx may be the mechanism by which ATP is released from glia within the
RTN. The entire RTN does not show this same response to acidification or alkalization, only 16% did
which may imply that the other cells present may help to communicate these changes in CSF pH or
serve some other intermediate functions that aid glia and chemoreceptors in relaying these changes to
the CRG. Preliminary data showing that pH sensitive cells (no neurons) from this region did not
respond with action potentials and the presence of K+ outward current responses to acidification and
alkalization by glia help to suggest the our proposed mechanism is correct in that glia, specifically
astrocytes are pH sensitive and responds with the release of ATP. These results indicate that a subset of
pH sensitive cells in the RTN are intrinsically pH sensitive and that glia cells may possibly play a role
in central chemoreception.
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VII. Figures

Figure 1: Location of the RTN
A, Schematic parasagittal section through the rostral medulla and caudal pons redrawn from
Feldman and Del Negro (2006). The RTN is shown in red, and the other subdivisions of the ventral
respiratory column are shown in gray (BötC, Bötzinger region; preBötC, pre-Bötzinger complex;
rVRG, rostral ventral respiratory group; cVRG, caudal ventral respiratory group). B, Phox2b-ir nuclei
(Alexa 488; green) in the ventrolateral medulla in a coronal
section at the level indicated by the arrows in A. C, Microslice of the caudal medulla with the a small
insert of the RTN located on the marginal layer of the ventral surface of the medulla. A and B are
redrawn from Ruth L Stornetta (2006).
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Figure 2: Tripartite Synapse
Summary of proposed mechanisms of glial regulation of synaptic transmission. Release of
glutamate (Glu) from the presynaptic terminal activates glial receptors (1), evoking an increase in
Ca2+ levels (2) and the release of glutamate from glia. Glutamate activation of presynaptic
receptors (3) regulates transmitter release, while activation of postsynaptic receptors (4) directly
depolarizes neurons. Stimulation of glia also elicits the release of ATP (5). Activation of glia might
also evoke an intercellular Ca2+ wave, which propagates between glia by diffusion of inositol
(1,4,5)-trisphosphate (IP3) through gap junctions (6) and by release of ATP (7), and results in the
modulation of distant synapses (8). Glia also modulate synaptic transmission by uptake of
glutamate (9) and by regulating extracellular K+ and H+ levels (10). Other glial–neuronal
interactions are not illustrated. These include glial activation by neurotransmitters other than
glutamate and glial regulation of NMDA-receptor-containing synapses by release of D-serine.
(Redrawn from Eric A. Newman 2003).
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Figure 3: Dissociation of RTN
The brain slices (300µm) were isolated from 7-12 day old rat pups. The RTN was microdissected and digested in 0.5% trypsin for 30 minutes at 37°C. Tissue fragments were then
pelleted, titurated and plated on poly-L-lysine coated cover slips in HBSS, supplemented with
1% and 5% FBS respectively. Cells were allowed to settle in for 2 hours in an incubator at 5%
CO2 at 37°C before imaging.
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A. 0 nM

C. 1 uM

B. 180 nM

D. 10 mM

Figure 4: Ca+2 Calibration
A-D. pseudo-color images of FURA filled cells showing fluorescence ratio at different [Ca+2]i. E,
fluorescence trace showing step-wise increase in fluorescence ratio with increasing bath Ca+2.
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Figure 5: Acute dissociation preparation contains glia and neurons
At 5% FBS there tended to be neurons than glial cells. However, glial
cells were present and may also contribute to pH-sensitivity

32

Figure 6: Bath Acidification Increased [Ca+2] in 16% of Acutely Dissociated
Cells
A small population of RTN cells respond to bath acidification as measured by
Increased [Ca+2]i. A, the upper trace of fluorescence ratio (R, 380nm/340nm)
shows the response of a pH-sensitive cell to changes in bath pH; decreases bath pH
form 7.3 to 6.9 increased R which reflects an increase in [Ca+2]i whereas increasing
pH from 6.9 to 7.5 decreased R thus reflecting decreased [Ca+2]i. The lower R trace
shows that most cells do not respond to changes in bath pH. These results indicate
that only a small subset of acutely dissociated RTN cells can respond to changes
in pH. A future goal is to identify cell types capable of responding to changes in
pH in this preparation (i.e., chemoreceptors or glia).
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Figure 7: Calculated [Ca+2]i of pH-sensitive and pH-insensitive cell during bath
acidification and alkalization
Calculated [Ca+2] are within the expected nM range. A pH sensitive cell showed a dramatic
500 nM increase in [Ca+2]i during bath alkalization whereas the pH-insensitive cell showed
no noticeable change in [Ca+2]i. Basal [Ca+2]i levels could not be determined due to
experimental limitations.
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Figure 8: The RTN contains pH sensitive neurons and pH-sensitive glia which may
modulate the activity of chemoreceptors
A, biocytin labeled pH sensitive neuron in close association with pH sensitive glia. B, trace of
holding current from a pH sensitive RTN neuron show that increasing pH from 6.9 to 7.5
activated a voltage independent outward current reminiscent of TASK. D, trace of holding
current from a pH sensitive glia shows that increasing pH from 6.9 to 7.5 also activated a voltage
independent outward current reminiscent of TASK.
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Figure 9: Working Model of the Molecular Mechanism of chemosensitivity in the
RTN
Increased blood and cerebral spinal fluid pH blocks K+ channels on pH sensitive neurons
and glia thereby leading to their depolarization. The depolarization lead to the activation of
Ca+2 channels on the pH sensitive glia cell thereby increasing intracellular Ca+2 levels
and stimulating vesicular transport of ATP. ATP then acts on P2X receptors on
interneurons to inhibit chemoreceptors or ATP acts on P2Y receptors on chemoreceptors to
stimulate the central rhythm generator (CRG).

